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Abstract—We present the design, fabrication, and characterization of decimated lattice photonic crystal membrane lasers. Based
on our simulated designs, decimated photonic crystal lattices have
reduced number of holes, which enhance the current and heat conductive paths from the optical cavity with a minimal impact on
the cavity quality factor and resonance. Our calculations indicate
lower operating temperature using the decimation lattice designs.
Two decimated cavity designs are demonstrated and compared
to conventional photonic crystal defect cavity lasers in InP-based
membranes. The decimated designs show improved laser performance with a small reduction of measured cavity quality factor.
Reduction of the photonic crystal holes around the defect cavity to as few as two periods still enables photopumped operation
of photonic crystal defect lasers. The improvement in the thermal properties is characterized by varying the photopumping duty
cycle.
Index Terms—Photonic bandgap materials, semiconductor
lasers.

I. INTRODUCTION
ROGRESS in semiconductor fabrication technologies has
allowed researchers to exploit the characteristics of photonic crystals at optical wavelengths. Recently 2-D photonic
crystal membranes have been utilized to create nanoscale lasers
[1]. Since their discovery, much study has been pursued to increase the cavity quality factor [2]–[4] and decrease the modal
volume [5] of these lasers. There still remains much study to be
done in the optimization of the thermal and electrical conductivities of photonic crystal membrane lasers, which is critical
for diode operation [6], [7]. Since most membrane lasers are
suspended in air and perforated with holes, the thermal and
electrical conductivities are degraded. This has contributed to
only a few examples of electrically injected photonic crystal
membrane emitters [8]–[10]. Wafer bonding techniques have
been pursued to provide better heat sinking, which generally improves the laser performance and can lead to room-temperature
continuous-wave lasing [11]–[13]. However, since the substrates
onto which the photonic crystal membranes are transferred are
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often low index, nonconductive dielectrics, the electrical properties of the devices are for the most part unaltered.
Previous photonic crystal cavities have omitted or modified
the holes in the lattice to obtain single-mode operation [14].
The modal symmetry was exploited to selectively increase the
loss of certain modes. In our paper, the omission of holes in a
photonic crystal cavity is motivated by the subsequent increase
in semiconductor material to increase the electrical and thermal
conductivities. Out decimated photonic crystal cavities exhibit
quality factors close to those of complete photonic crystal cavities, but can have a significantly fewer number of air holes. Since
the omitted holes form a semiconductor path toward the optical
cavity, the thermal impedance and electrical resistance from the
center of the cavity to the bulk membrane will both decrease.
We first describe a design approach for elimination of holes in a
periodic lattice as well as thermal simulations. We then describe
the fabrication and characterization of two decimated photonic
crystal designs, which exhibit improved laser performance.
II. DECIMATION SIMULATION
The decimation design approach is relatively straightforward.
Air holes are omitted from locations in which there is little
overlap with the mode and are thus not necessary. We consider
two photonic crystal designs that have produced high quality
factor cavities: L3 and H2 defect cavity lasers. The L3 cavity is
formed in a hexagonal photonic crystal by omitting three holes
along the Γ-K direction [4]. The H2 defect cavity has seven
holes omitted in a hexagonal lattice, where the innermost hole
diameter and position are altered to increase the cavity quality
factor [15].
A simple algorithm is used as a guide to help determine
which air holes can be removed. First, a 2-D finite-difference
time-domain (FDTD) simulation is used to calculate the modal
profile. Circular sectors are then drawn from the outside of
the cavity to the edge of the simulation domain, and the field
intensities within each sector are summed. Fig. 1 shows the sectors, with the color representing the sum of the field intensities,
for calculated modes in the two cavities. Holes are removed if
they overlap completely with sectors that are in the bottom p
percentile of summed intensities (however, holes in the inner
two rows are never removed). The number of holes removed is
controlled by the value of p, which in Fig. 1 is chosen to be
20% and 65% for the L3 and H2 cavities, respectively. In the
final, fabricated design, additional holes are removed by manual
inspection.
To study the effects of lattice decimation, we have also performed 3-D FDTD method calculations of the resonant wavelengths, quality factors, and modal profiles for the L3 and
decimated L3 cavities. For the lasers fabricated in this paper,
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Fig. 1. Depiction of the algorithm used to help determine which holes are removed in a decimated design for (a) L3 (a = 370 nm) and (b) H2 (a = 450 nm)
cavities. The summed field intensities in each sector are on a log scale.

Fig. 3. Calculated temperature profile as a function of the distance from the
center of the cavity of an H2 (solid) and a decimated H2 cavity design (dashed).
Fig. 2. Modal profile (magnetic field component) of decimated L3 photonic
crystal defect cavity (a = 470 nm) determined by 3-D FDTD calculation.

the membrane is 135 nm thick, the nearest neighbor hole spacing a is 470 nm, and the hole radius is 0.3a. The two holes at
the ends of the cavity are made slightly smaller (0.25a) than
the other holes and shifted away from the center of the cavity
by 0.15a. In the simulation, the refractive index of the membrane is assumed to be 3.4. For the L3 cavity, the calculated
mode predominantly occupies regions on the right and left of
the waveguide cavity. This allows for the removal of holes above
and below the cavity without significantly affecting the optical
confinement, in agreement with our 2-D simulations. The cavity is decimated by the removal of ten holes above and below
the cavity, and the resonance, modal profile, and quality factor
are calculated again. The modal profile is shown in Fig. 2. There
is no significant change in the resonant wavelength and to the
modal distribution after the decimation process. The calculated
quality factor for the decimated cavity is approximately 17%
less than that of the full cavity.
In order to qualitatively evaluate the thermal behavior of the
decimated cavities, a time-independent heat transfer analysis
using a finite-element method is performed. The photonic crystal membrane laser is simplified to be a body of revolution, and
the thermal conductivity to be a volumetric average that is pro-

portional to the effective fill factor of the photonic crystal. The
thermal conductivity of the bulk membrane (without holes) is
assumed to be 4.2 W/m-K [16]. The source is assumed to have
a spot size of 2 μm, a wavelength of 980 nm, and an incident
power of 0.3 mW. The heat sink temperature is taken to be
300 K. Fig. 3 shows the calculated temperature profiles for
the H2 cavity laser and a decimated H2 laser [as depicted in
Fig. 1(b)]. The semiconductor fill factor for the conventional
H2 cavity is 63%, while the fill factor for the decimated H2
cavity increases to 83%. As shown by the comparison of the
temperature profiles of the two cavities in Fig. 3, the increase
in fill factor for the decimated H2 cavity results in a calculated
20 K temperature decrease at the cavity. It is likely that the
actual thermal conductivity improvements are greater since the
decimated cavity has large regions of connected semiconductor
material surrounding the cavity.
III. FABRICATION
Decimated and full L3 photonic crystal defect cavities are
fabricated in a 135-nm-thick InGaAsP membrane grown on
an InP substrate. The membrane contains five quantum wells
with a nominal photoluminescence peak at 1350 nm. A SiO2
layer is deposited on the sample, patterned using electron beam

GIANNOPOULOS et al.: DECIMATED PHOTONIC CRYSTAL DEFECT CAVITY LASERS

Fig. 4.
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(a) Fabricated decimated L3 and (b) H2 photonic crystal defect cavity lasers.

Fig. 5. Subthreshold spectra with curve fit for a full L3 cavity at 1386.1 nm
and a decimated L3 cavity at 1387.4 nm.

lithography, and then used as a mask in an inductively coupled plasma reactive-ion etch process. Suspended membranes
are then formed by removing the InP substrate underneath the
photonic crystal areas using an HCl wet etch. Fig. 4(a) shows
a SEM image of a decimated L3 cavity, and Fig. 4(b) shows a
decimated H2 defect cavity. Note for both cavities, we have incorporated the same modifications of the holes nearest the cavity
as for conventional L3 [4] and H2 designs [15]. The trenches
around the photonic crystal assist in undercutting the cavity to
create the suspended membrane. The lighter regions apparent in
the images in Fig. 4 around the cavity denote the undercut area.
For the decimated H2 cavity [see Fig. 4(b)], greater than half
of the holes are omitted as compared to the complete H2 cavity
laser.
IV. CHARACTERIZATION
The devices are tested at room temperature by optical pumping using a 980-nm laser diode. The excitation is 100-ns pulses
with a 1% duty cycle. The pump light is focused onto the sample using a 20× objective, and the spot size is approximately
2–3 μm. The laser emission is collected using the same objective
and coupled to an optical spectrum analyzer that has a resolution
of 0.06 nm. The device characteristics presented in Figs. 5 and 6
are for a decimated and complete L3 photonic crystal laser, with
the dimensions described above. Fig. 5 shows the below threshold spectra for the L3 and decimated L3 cavities at 1386.1 nm

Fig. 6. Instantaneous light input versus collected light output for full L3 (filled
circle) and decimated L3 (open circle) cavities.

and 1387.4 nm, respectively. A fit to the data gives an upper
limit to the quality factor for the full and decimated cavities
to be 5022 and 4953, respectively. Random measurement error,
spectrometer sensitivity, and slightly different pumping conditions among the cavities are likely causes of the difference in
resonance wavelength and the quality factors being closer than
the calculated values. Fig. 6 shows the instantaneous light input
versus collected light output for both lasers. The characteristics
for both devices are quite similar in optical performance. The
linearly extrapolated lasing thresholds for the L3 and decimated
L3 lasers are 0.37 and 0.46 mW, respectively. The approximately
20% threshold increase for the decimated L3 laser can be attributed to the difference in quality factor and pump variations
previously mentioned.
In addition to the measurement of quality factor and threshold,
a qualitative assessment of the thermal properties of the decimated L3 lasers is performed. Using the same optical pumping
technique, the highest duty cycle operating conditions are determined. Adjusting both duty cycle and pulsewidth, the conditions
for which the laser ceases stimulated emission are determined.
In the case of the decimated L3 cavity, the device stops lasing
when the duty cycle was set to 22% with a 300-ns pulse width.
This is an improvement over the full L3 cavity, which requires a
100-ns pulse width and duty cycles less than 10%. This behavior is consistent with the decimated L3 cavity having decreased
thermal impedance as compared to the full cavity.
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Lasing spectrum of decimated H2 photonic crystal cavity.

The lasing spectrum of the decimated H2 cavity with a =
470 nm [see Fig. 4(b)] is shown in Fig. 7. Note that in this
device, there are a minimum of two rows of holes surrounding
the cavity. Thermal characteristics of this laser were probed as
described previously. The device maintained laser operation up
to a 27% duty cycle with 300-ns pulse width.
V. SUMMARY
In summary, we have demonstrated an approach that requires
fewer holes around the defect cavity in photonic crystal defect
membrane lasers. The decimated cavity designs are motivated
by increasing of the fill factor of semiconductor material around
the cavity to enhance electrical and thermal paths into the cavity.
This approach is complementary to wafer bonding and may lead
to further improvements in heat conduction if the two techniques
are combined. Decimated lattice designs are developed using
a field-intensity weighting algorithm that eliminates holes in
circularly symmetric sectors around the defect cavity. Omission
of photonic crystal holes in areas, where the field is minimal
and where field symmetry negates coupling loss maintains the
quality factor of the cavity. Both simulations and measurements
of fabricated lasers indicate that there is no significant change in
optical lasing characteristics between decimated and full lattice
photonic crystal cavities. Qualitatively and quantitatively, the
decimated L3 cavities also showed better thermal characteristics
than the full lattice devices by maintaining operation at higher
duty cycles and pulsewidth.
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